Seven strains of cryophilic wine yeasts and two strains of mesophilic wine yeasts were investigated for their utilization of sugars, viability of ascospores in hybrid obtained from between cryophilic wine yeast and mesophilic wine yeast, electrophoretic karyotype, G + C content of DNA and DNA similarity in photobiotin microplate-hybridization. Six strains of cryophilic wine yeasts were identified as Saccharomyces uvarum and one strain of cryophilic wine yeast was identified as S chevalieri according to The Yeasts, 2nd ed. (Lodder, J., ed., North Holland Publ. Co., Amsterdam, 1970) on the basis of mainly sugar utilization. However, ascospores of hybrids obtained from between cryophilic wine yeast and mesophilic wine yeast did not germinate. These cryophilic wine yeasts were similar to the type strain of S. bayanus (IFO 1127) in electrophoretic karyotype and G + C content. The cryophilic wine yeasts also showed high DNA similarity values to the type strain of S. bayanus and low DNA similarity values to the type strain of S. cerevisiae (IFO 10217). Accordingly, these seven strains of cryophilic wine yeasts were classified to S. bayanus. Additionally, another eight strains of S. bayanus, classified on the basis of DNA similarity, showed good fermentability at low temperatures accompanied by production of low amounts of ethanol at intermediate temperatures, the same as cryophilic wine yeasts. These results suggest that the fermentation characteristics are specific for S. bayanus. Two strains of mesophilic wine yeasts showed high DNA similarity values to the type strain of S. cerevisiae.
In the white wine making and brewing process, fermentation is controlled at low temperatures. Accordingly, the selection and breeding of cryophilic yeast has progressed (4, 8, 10) .
We (7, 8) previously reported that the specific growth rate and fermentability of the selected cryophilic wine yeasts at low temperatures (7-13°C) were superior to the mesophilic wine yeasts; however, at intermediate temperatures (22-30°C) , their fermentations ceased prematurely and their ethanol yields were reduced significantly. Additionally, a few strains of the cryophilic wine yeasts (9) were identified as Saccharomyces uvarum according to The Yeasts, 2nd ed. (19) , and re-identified as S. cerevisiae according to The Yeasts, 3rd ed. (24) .
In The Yeasts, 3rd ed. (24), S. bayanus and other Saccharomyces sensu stricto were synonym of S. cerevisiae. However, recognized that Saccharomyces sensu stricto could be divided on the basis of DNA similarity into at least four separate groups: S. cerevisiae, S. bayanus, S pastorianus and S. paradoxus. Yamada et al. (22) reported that there was no correspondence between identification based on utilization of sugars and classification based on DNA similarity. Accordingly, from these understandings, reclassification of the cryophilic wine yeasts was needed. In this paper, we reclassified cryophilic wine yeasts on the basis of utilization of sugars, viability of ascospore in hybrids with mesophilic wine yeasts, electrophoretic karyotypes, G + C content of DNA and DNA similarity in photobiotin microplate-hybridization. We also examined the fermentation characteristics of S. bayanus which were classified by DNA similarity.
MATERIALS AND METHODS
Strains. Seven strains of cryophilic wine yeasts selected previously (7, 8) , two strains of mesophilic wine yeasts and two strains of brewer's yeasts which are typical bottom fermenting yeasts were tested. Strain number and origin are listed in Table 1 . Mesophilic yeast, S. carlsbergensis YM-95 (IAM 4206) was used in hybridization, and measurement of G + C content of DNA and DNA similarity.
Utilization of sugars. The fermentation and assimilation of sugars were tested according to The Yeasts, 3rd ed. (20) . The tested sugars are listed in Table 2 .
Hybridization and tetrad analysis. The following auxotrophic mutants were obtained by ethyl methanesulfonate treatment: an adenine requirement mutant of YM-84M from strain YM-84, a histidine requirement mutant of YM-126M from strain YM-126 and a lysine requirement mutant of OC-2M from strain OC-2, respectively. Hybridization was carried out by spore to spore conjugation. McClary's (11) acetate medium was used to induce ascospore formation. Asci were treated with Zymolyase 20T and ascospores were isolated with a micromanipulator. The isolated ascospores were transferred on YEPD (glucose 4%, polypeptone 1%, yeast extract 0.5%, KH2P04 0.5%, Mg504 0.2%, agar 2.5%) (Atto, Tokyo, Japan) was employed to separate the chromosomal DNA. Seakem GTG agarose (1.5%) (FMC Bio Products, Rockland, ME, U. S.A.) was used in electrophoresis. The electrophoresis buffer was 0.5 X TBE (1 mM EDTA, 45 mM Tris-borate, pH 8.3) and cooled at 11°C. Electrophoresis was carried out at 180 V for 20 h with a switching interval of 70s, and then at 120 V for 20 h with a switching interval of 250s. After electrophoresis, the gel was stained in 0.5,ag/ml ethidium bromide solution for 10 min and destained in deionized water for 10 min. The DNA bands were observed on a transilluminator (UVP, SanGabriel, CA, U.S.A.). Preparation of DNA. Extraction and purification of total DNA was carried out according to the method of Holm et al. (5) . In the RNase treatment, 3,a1 of enzyme mixture (1 ml of 10 mg/ml RNase A and 6.5 it of RNase Ti) was used. DNA sample purity was controlled by calculation of the ratios of absorbance at 260 nm/absorbance at 280 nm, and the samples having the ratio of 1.8-1.9 were used in the measurement of G + C content and DNA similarity.
Measurement of G + C content of DNA. The purified DNA were treated with P 1 nuclease and alkaline phosphatase by the method of Mesbah et al. (12) . G + C contents of DNA were measured by HPLC according to the method of Yamada et al. (22) . Measurement of DNA similarity. The photobiotin microplate-hybridization method was applied to determine DNA similarity of yeasts according to Kaneko and Banno (6) . S. cerevisiae (IFO 10217) and S. bayanus (IFO 1127) were used as type strain.
Fermentation test. Ethanol fermentation tests were carried out in 200 ml of PYG-F (glucose 18%, polypeptone 0.75%, yeast extract 0.45%, pH 4.5) liquid medium at 7 and 28°C according to the previous report (8) . Carbon dioxide evolution velocity and ethanol yields were compared with mesophilic wine yeasts.
RESULTS

Fermentation and assimilation of sugars
The results of fermentation and assimilation of sugars are summarized in Table  2 . Six strains of cryophilic wine yeasts, YM-27, YM-82, YM-84, YM-94, and YM-126, and two strains of brewer's yeasts, YB 12-5 and YB 15-1, fermented and assimilated glucose, galactose, sucrose, maltose, raffinose and melibiose, and they were identified as S, uvarum according to The Yeasts, 2nd ed. (19). A cryophilic wine yeast NZ-681 fermented and assimilated glucose, galactose, sucrose and raffinose, and was identified as S. chevaliers. Two strains of mesophilic wine yeasts, W3 and OC-2, were identified as S. cerevisiae, and this result was consistent with that of Yanagida et al. (23) . However, these three species were re-identified in the same species S. cerevisiae in The Yeasts, 3rd ed. (24). Hybridization and tetrad analysis Goto et al. (3) reported that the type strain of S. cerevisiae forms hardly any ascospore and the type strain of S. bayanus forms no viable ascospore. Therefore, hybridizations were carried out in the following pairs: three pairs between cryophilic wine yeast and mesophilic wine yeast and two pairs among cryophilic wine yeast, as shown in Table 3 . It was possible to conjugate in all pairs, and nine hybrids were obtained. As the hybrids were able to form ascospores, tetrad analysis was performed. Ascospores of the hybrids obtained from between cryophilic wine yeast and mesophilic wine yeast could not germinate. Spore-clones derived from hybrid Hy8495-1 (between cryophilic wine yeast YM-84M and mesophilic yeast YM-95) did not show auxotrophic segregation (Table 3 ). However, in the three hybrids among cryophilic wine yeasts, their ascospores showed a high germination rate and auxotrophic segregation of 2 (positive) : 2 (negative) were obtained in tetrads (Table 3 ). These results suggest that the cryophilic wine yeast are related to mesophilic wine yeast, but they are distinct species.
Electrophoretic karyotypes
The electropholetic karyotypes obtained in the two type strains and 11 tested strains are shown in Fig. 1 . The chromosomal DNA of the tested strains were separated into 14-18 bands and some differences in mobilities of DNA bands were observed. However, the karyotypes of cryophilic wine yeasts were similar to the type strain of S. bayanus. Especially, two specific DNA bands of a (in between chromosome IV and XV, VII of YNN 295) and b (in between chromosome XV, VII and XVI of YNN 295), indicated by arrows, were observed in all of the cryophilic wine yeasts. These two DNA bands were not observed in the type strain of S. cerevisiae and mesophilic wine yeasts W3 and OC-2. On the other hand, a DNA band corresponding with chromosome IV of YNN 295 was observed in the type strain of S. cerevisiae and mesophilic wine yeasts W3 and OC-2. This DNA band was not observed in the type strain of S. bayanus nor in any cryophilic wine yeasts. The karyotype of brewer's yeasts involved the above-mentioned three DNA bands which were observed in the cryophilic wine yeasts and mesophilic wine yeasts.
G+C content of DNA G + C contents of 12 strains are summarized in Table 4 . G + C content of the cryophilic wine yeasts ranged from 38.9 to 39.5 mol%. The G + C mol% values were similar to those of the type strain of S. bayanus, and they were 1.0-3.1 mol% higher than those of the type strain of S. cerevisiae and mesophilic wine yeasts. DNA similarity The photobiotin microplate-hybridization method was applied to determine DNA similarity of cryophilic wine yeasts, mesophilic wine yeasts and brewer's yeasts. The results are shown in Table 4 . Seven strains of cryophilic wine yeast showed high DNA similarity value (79-98%) to the type strain of S. bayanus and low DNA similarity value (29-43%) to the type strains of S. cerevisiae. Mesophilic wine yeasts W3 and OC-2 and mesophilic yeast YM-95 showed high DNA similarity value (79-95%) to the type strain of S. cerevisiae and low DNA similarity value (35-41%) to the type strain of S. bayanus. Brewer's yeasts of YB 12-5 and YB15-1 showed 59-72% DNA similarity value to both type strains. Accordingly, six strains of S. uvarum and one strain of S. chevalieri of the cryophilic wine yeasts, which were identified by sugar utilization, were classified to S. bayanus. Mesophilic wine yeasts W3, OC-2, which were identified as S. cerevisiae according to The Yeasts, 2nd ed. (19), and mesophilic yeast YM-95 were classified to S. cerevisiae. Two strains of brewer's yeasts, YB 12-5 and YB 15-1, were identified as S. uvarum according to The Yeasts, 2nd ed. (19). Therefore, these two strains showed intermediate DNA similarity values to both type strains. Kaneko and Banno (6) reported that a hybrid between S. cerevisiae and S. bayanus showed about 70% DNA similarity value to its parents; these brewer's yeasts were considered a hybrid between the two species. From these results, there was no correspondence between identification based on sugar utilization and classification based on DNA similarity as stated by Yamada et al. (22) .
Fermentation characteristics of S. bayanus The cryophilic wine yeasts possess the following fermentation characteristics:
good fermentability at low temperatures and production of low amounts of ethanol at intermediate temperatures (7, 8) . Additionally, all of those cryophilic wine yeasts were classified to S. bayanus on the basis of DNA similarity. So eight strains of S. bayanus (6, 21, 22) preserved in Institute for Fermentation, Osaka (IFO), which were classified into S. bayanus by DNA similarity, were submitted to the fermentation tests. Their CO2 evolution velocity and ethanol yields are summarized in Table 5 . In the fermentation test at 7°C, these eight strains evolved 1.3-1.7 g of CO2 during 0-240 h and 3.1-3.9 g during 240-480 h, the same as cryophilic wine yeast YM-84, and these were superior to the mesophilic wine yeast OC-2. Fermentation tests at 28°C showed that their ethanol yields at the end of fermentation were reduced to 4.0-5.3%, the same as YM-84. These fermentation characteristics of S. bayanus were consistent with the cryophilic wine yeasts reported previously (7, 8) . 
DISCUSSION
In the seven strains of cryophilic wine yeasts, six strains were identified as S. uvarum and one strain was identified as S. chevaliers by sugar utilization according to the system of The Yeasts, 2nd ed. (19), and these strains were re-identified as S. cerevisiae in The Yeasts, 3rd ed. (24). However, these cryophilic wine yeasts showed high DNA similarity value to the type strain of S. bayanus and low DNA similarity value to the type strain of S. cerevisiae, and these strains were classified to S. bayanus. Vaughan recognized that S. bayanus and other Saccharomyces sensu stricto could be divided on the basis of DNA similarity into at least four separate groups: S. cerevisiae, S. bayanus, S. pastorianus and S. paradoxus. The results of DNA similarity obtained in this study support their assertion. On the other hand, hybrids between cryophilic wine yeasts and mesophilic wine yeasts produced no viable ascospore. Naumov (13) described that it is possible to conjugate among S. cerevisiae, S. bayanus and S. paradoxus, but their hybrids produced no viable ascospore. Banno and Kaneko (1) also reported that ascospores of hybrids between S. cerevisiae and S. bayanus did not germinate. These are consistent with our result and support the classification based on DNA similarity. Furthermore, cryophilic wine yeasts were similar to the type strain of S. bayanus in electrophoretic karyotypes; especially, two specific DNA bands were observed in all of the cryophilic wine yeasts. Naumov et al. (14, 15) reported that it is possible to distinguish S. bayanus from S. cerevisiae in the pattern of electrophoretic karyo- KISHIM0T0, SOMA, and GOTO VOL. 40 types. This is consistent with our result. These cryophilic wine yeasts also showed 1.0-3.1 mol% higher G + C value than the type strain of S. cerevisiae and mesophilic wine yeasts. Additionally, eight strains of S. bayanus classified on the basis of DNA similarity showed good fermentability at low temperatures and production of low amounts of ethanol at intermediate temperatures, the same as the fermentation characteristics of cryophilic wine yeasts. These results suggest that the fermentation characteristics are specific for S. bayanus classified on the basis of DNA similarity. Further study is needed to determine whether these may be used as tools in classification between cryophilic wine yeast S. bayanus and mesophilic wine yeast S. cerevisiae. The details will be reported in a separate paper. Two strains of brewer's yeasts, YB 12-5 and YB 15-1, were identified as S. uvarum according to The Yeasts, 2nd ed. (19). However, these two strains showed intermediate DNA similarity value to both type strains of S. cerevisiae and S. bayanus, and are considered to be hybrids between the two species. Yamada et al. (22) reported that lager brewer's yeasts are hybrid between S. cerevisiae and S. bayanus. This is consistent with our consideration. Additionally, the two strains of brewer's yeasts showed intermediate fermentation characteristics between cryophilic wine yeast YM-84 and mesophilic wine yeast OC-2. Taking the fermentation characteristics of S. bayanus observed in this study into consideration, these fermentation characteristics supported the assertion that brewer's yeast is a hybrid between S. cerevisiae and S. bayanus. 
